Alveolar hypoxia, a common feature of many respiratory disorders, has been previously reported to induce functional changes, particularly a decrease of transepithelial Na and fluid transport. In polarized epithelia, cytoskeleton plays a regulatory role in transcellular and paracellular transport of ions and fluid. We hypothesized that exposure to hypoxia could damage cytoskeleton organization, which in turn, may adversely affect ion and fluid transport. Primary rat alveolar epithelial cells (AEC) were exposed to either mild (3% O 2 ) or severe (0.5% O 2 ) hypoxia for 18 h or to normoxia (21% O 2 ). First, mild and severe hypoxia induced a disorganization of actin, a major protein of the cytoskeleton, reflected by disruption of F-actin filaments. Second, ␣-spectrin, an apical cytoskeleton protein, which binds to actin cytoskeleton and Na transport proteins, was cleaved by hypoxia. Pretreatment of AEC by a caspase inhibitor (z-VAD-fmk; 90 M) blunted hypoxia-induced spectrin cleavage as well as hypoxia-induced decrease in surface membrane ␣-ENaC and concomitantly induced a partial recovery of hypoxia-induced decrease of amiloride-sensitive Na transport at 3% O 2 . Finally, tight junctions (TJs) proteins, which are linked to actin and are a determinant of paracellular permeability, were altered by mild and severe hypoxia: hypoxia induced a mislocalization of occludin from the TJ to cytoplasm and a decrease in zonula occludens-1 protein level. These modifications were associated with modest changes in paracellular permeability at 0.5% O 2, as assessed by small 4-kD dextran flux and transepithelial resistance measurements. Together, these findings indicate that hypoxia disrupted cytoskeleton and TJ organization in AEC and may participate, at least in part, to hypoxiainduced decrease in Na transport.
The alveolar epithelium is normally exposed after birth to a mean alveolar oxygen (O 2 ) pressure of 100 mm Hg, but alveolar hypoxia may occur in some environmental conditions such as ascent to high altitude, or more commonly in pathologic conditions such as pulmonary edema from heart failure or acute lung injury. Recent in vivo and in vitro experiments have shown that hypoxia can reduce the ability of the alveolar epithelium to clear alveolar edema fluid by decreasing expression or activity of two major proteins involved in transcellular Na transport, the apical epithelial sodium channel (ENaC) and the basolateral Na,KATPase (1-3). Although modifications of paracellular permeability may also participate the development and/or the maintenance of alveolar edema (4) , the effects of hypoxia on alveolar epithelial barrier functions have been scarcely investigated. Several animal studies have failed to evince any change in alveolar permeability to large molecules (e.g., albumin) during prolonged and severe hypoxic exposure (1, 5) , thus excluding major injury of the epithelial membrane integrity. However, this does not rule out the possibility that alveolar hypoxia may affect paracellular permeability to smaller solutes.
In healthy alveolar epithelium, the presence of tight junctions (TJs), which connect adjacent alveolar epithelial cells (AEC), creates a rate-limiting barrier of low permeability to paracellular solute and establishes AEC polarity by separating apical and basolateral domains (6, 7) . Actin, a major component of the cytoskeleton, plays a major role in the regulation of ion and fluid transport by interacting directly or indirectly with Na transporters and TJ proteins. For example, actin crosslinks with spectrin, one of the major components of the cortical cytoskeleton that lies beneath the plasma membrane (8) . Spectrin is an ␣/␤ heterodimer that also interacts with Na transport proteins, ENaC and Na,K-ATPase, either directly through specific domains or indirectly via an adapter protein, ankyrin (8) . In AEC, spectrin is mainly distributed to the apical domain and is colocalized with ␣-ENaC subunit, suggesting a possible interaction between the two proteins (9, 10) . In addition, actin cytoskeleton links and regulates TJ complexes, which are crucial for restricting the paracellular diffusion of ions and fluid (11) . Occludin and claudins are transmembrane proteins that were identified as the major integral proteins forming the TJ strands and are believed to provide the major barrier function of the TJ. Zonula occludens (ZO)-1 is an intracellular protein located between occludin and cytoskeleton that is also thought to affect paracellular permeability. AEC have been reported to express the best characterized proteins of TJs, occludin, claudins, and ZO (12, 13) .
Disruption of the cytoskeletal network by hypoxia has been reported in diverse tissues such as vessel walls, brain, and kidney (14) (15) (16) . In neuronal cells, hypoxia induces a breakdown of the spectrin cytoskeletal network, leading to disassembly of cortical spectrin-actin complex and a subsequent loss of cell organization. In renal epithelial cells, previous studies have demonstrated that chemical hypoxia, induced by ATP depletion, disrupts actin cytoskeleton and TJs along with an endocytosis of Na,K-ATPase (17) . Also, ATP depletion dissociates ankyrin and spectrin from the actin cytoskeleton, causing its intracellular redistribution (18, 19) . Heretofore, the effects of hypoxia on the organization of alveolar epithelial cytoskeleton cells have not yet been defined.
The objectives of this study were to evaluate in AEC the effect of hypoxia on cytoskeleton proteins (i.e., actin), on membrane cytoskeleton-associated proteins (spectrin), and on TJ proteins, and to determine whether these changes paralleled solute transport abnormalities. The results of this study show that prolonged hypoxia: (1 ) affected actin organization with a loss of stress fibers; (2 ) induced an O 2 -dependent breakdown of spectrin along with a decrease of membrane ␣-ENaC expression and amiloridesensitive Na transport, an effect which was partially reversed by coincubation with a pan-caspase inhibitor; (3 ) induced a mislocalization of the TJ protein occludin with a decrease in ZO-1 protein level, which were associated with small changes in paracellular permeability.
MATERIALS AND METHODS
All studies were approved by the Committee on animal research.
Cell Isolation
AEC were isolated from pathogen-free male Sprague-Dawley rats (180-200 g) as previously described (20) . Rats were injected with 30 mg/kg pentobarbital sodium intraperitoneally and 1 U/g heparin sodium intravenously. After tracheotomy, rats were exsanguinated. Solution II (40-50 ml) that contained (in mM): 140 NaCl, 5 KCl, 2.5 sodium phosphate buffer, 10 N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid (HEPES), 2 CaCl 2 , 1.3 MgSO 4 , pH 7.40, at 22ЊC was infused through the air-filled lungs via the pulmonary artery to remove the blood from the vascular space. The lungs were removed from the thorax and lavaged to total lung capacity (8-10 ml) eight times with solution I, which contained (in mM): 140 NaCl, 5 KCl, 2.5 sodium phosphate buffer, 10 HEPES, 6 D-glucose, 2 ethylene glycol-bis(␤-aminoethyl ether)-N,N,NЈ,N'Јtetraacetic acid (EGTA), to remove macrophages, and two times with solution II. Next, lungs were filled with 12-15 ml of elastase solution (porcine pancreas, twice crystallized, 40 U/ml, prepared in solution II) and incubated in a shaking water bath in air for 10 min at 37ЊC, after which additional elastase solution was instilled for another 10 min incubation. The lungs were minced in the presence of DNase I, and 5 ml of fetal calf serum (FCS) was added to stop the effect of elastase. The lungs were then sequentially filtered through 150-and 30-m nylon mesh. The filtrate was centrifuged at 130 ϫ g for 8 min.
The cell pellet was resuspended in Dulbecco's modified Eagle's medium (DMEM) containing 25 mM D-glucose at 37ЊC. The cell suspension was plated at a density of 10 6 cells/cm 2 in 25 cm 2 bacteriologic plastic dishes to aid in the removal of macrophages by differential adherence. After incubation at 37ЊC in a 5% CO 2 incubator for 1 h, the unattached cells in suspension were removed and centrifuged at 130 ϫ g for 8 min. The resulting cell pellet (70% purity, Ͼ 95% viability, 8-10 10 6 cells/ rat) was plated at a density of 10 ϫ 10 6 cells/cm 2 onto Transwell filters (clear polystyrene 0.4 m pore size; Costar, Cambridge, MA). Culture medium consisted of DMEM containing 25 mM D-glucose, 10 mM HEPES, 23.8 mM NaHCO 3 , 2 mM l-glutamine, 10% FCS, 50 U/ml penicillin, 50 g/ml streptomycin, and 10 g/ml gentamicin, incubated in a 5% CO 2 -95% air atmosphere. Culture medium was changed 24 h after isolation and then on alternative days. By the fourth day of culture, the cells had formed a confluent monolayer. The transepithelial electrical resistance (TER) of cells grown on filters was measured with an epithelial volt-ohmmeter (EVOM; World Precision Instruments, Sarasota, FL). Cells were used only if their TER was Ͼ 600 ⍀ · cm 2 .
Exposure to Hypoxia
Four days after plating, growth medium was removed and replaced by a thin layer of fresh medium (0.15 ml/cm 2 ) with 10% FCS to decrease the diffusion distance of the ambient gas. Culture dishes were then placed in a humidified air-tight incubator with inflow and outflow valves, and the hypoxic gas mixture (3%O 2 -5%CO 2 -92%N 2 or 0.5%O 2 -5%CO 2 -94.5% N 2 ) was delivered at 5 liters/min for 20 min. The airtight incubator was kept at 37ЊC for 18 or 24 h, while control normoxic cells were placed in 21%O 2 -5%CO 2 -74%N 2 humidified incubator for the same period of time. PO 2 levels assayed in culture medium were ‫ف‬ 25, 40, and 140 mm Hg for 0.5%, 3%, and 21% O 2 , respectively. pH in culture medium measured at the end of exposure was not significantly different under normoxic and hypoxic conditions.
Western Blot Analysis
Cells in 24-mm Transwell filters were washed twice, scraped off the filters in ice-cold PBS, and centrifuged at 1,500 rpm for 10 min at 4ЊC. The pellet was resuspended in 30 l of ice-cold lysis buffer containing 150 mM NaCl, 50 mM Tris-HCl (pH 7.6), 1% Triton X-100, 0.1% SDS, and protease inhibitors and kept on ice for 1 h. The cell lysates were then centrifuged (12,000 rpm, 15 min) at 4ЊC. Samples of the supernatants (10-15 g of protein in 1 vol of sample buffer containing 10% glycerol, 12.5% 0.05 M Tris-HCl [pH 6.8], 1% SDS, 5% ␤-mercaptoethanol, and 0.01% bromophenol blue) were resolved through 7.5% or 10% acrylamide gels, electrically transferred to nitrocellulose paper, and subsequently probed over night at 4ЊC with anti-ZO-1 rabbit polyclonal antibody at 1:3,000 (Zymed Laboratories, South San Francisco, CA), anti-occludin rabbit polyclonal antibody (1:5,000; Zymed Laboratories), anti-spectrin ␣II-chain rabbit polyclonal antibody (1:1,000,000) (21), anti-claudin 3 (1:1,000) rabbit polyclonal antibody, anti-claudin 5 rabbit polyclonal antibody and anti-actin mouse monoclonal (1:6,000) primary antibody. After three washes in PBS-Tween 0.1%, the membranes were incubated 1 h with anti-mouse or anti-rabbit secondary antibodies. The membranes were again rinsed three times and developed using enhanced chemiluminescence (Amersham Biosciences, Buckinghamshire, UK). Autoradiograms were quantitated by densitometric analysis using NIH image software and normalized using quantification of actin signal in each lane, whose protein level is not influenced by hypoxia (20) .
Coimmunoprecipitation
Coimmunoprecipitation was performed according to the method of Zuckerman and coworkers (22) . AEC were lysed in ice-cold immunoprecipitation buffer containing (in mM): 50 Tris-HCl (pH 7.5), 15 EGTA, 100 NaCl, 0.1% Triton X100, 1 DTT, 1 PMSF, and 1ϫ protease inhibitor mix. After centrifugation at 10,000 ϫ g for 20 min to remove insoluble material, the lysates (100 g of protein in 1 ml volume) were incubated with either anti-␣-ENaC (1:2,000) rabbit polyclonal antibody (2, 23) , anti-␣II spectrin antibody (1:10,000), or nonimmune IgG at 4ЊC overnight. The lysates were centrifuged and the supernatants were transferred to new tubes and incubated with protein A-Sepharose beads (50 l of a 50% suspension). Tubes were rotated gently for 60 min at 4ЊC and protein A-Sepharose beads were centrifuged 30 s 1,000 rpm at 4ЊC. The pellets were washed three times with 1 ml coimmunoprecipitation buffer. Immunoprecipitated proteins were eluted from the Protein A-Sepharose beads by boiling the samples at 95ЊC for 5 min. The sepharose beads were then pelleted by centrifugation at 10,000 ϫ g for 2 min and ␣-ENaC or ␣-spectrin protein contents in the supernatants were analyzed by Western blot as described above.
Biotinylation of Apical ␣-ENaC Subunits
Biotinylation and recovery of apical membrane proteins were performed as previously described (2) . Briefly, ATII cells grown on Transwell filters were placed on ice and washed three times with icecold PBS-Ca 2ϩ -Mg 2ϩ (PBS with 0.1 mM CaCl 2 and 1 mM MgCl 2 ). Apical membrane proteins were then biotinylated by a 15-min incubation at 4ЊC with NHS-ss-biotin 1.25 mg/ml (Pierce, Rockford, IL) freshly diluted into biotinylation buffer (10 mM Triethanolamine, 2 mM CaCl 2 , 150 mM NaCl, pH 7.5) with gentle agitation. ATII cells were rinsed with PBS-Ca 2ϩ -Mg 2ϩ ϩ glycine (100 mM) and washed in this buffer for 20 min at 4ЊC to quench unreacted biotin. Cells were then rinsed twice with PBS-Ca 2ϩ -Mg 2ϩ , scraped in cold PBS and pelleted at 2,000 rpm at 4ЊC. Pellets were solubilized for 45 min in 20 l of lysis buffer (1% Triton X-100, 150 mM NaCl, 5 mM EDTA, 50 mM tris [hydroxymethyl]aminomethane [Tris], pH 7.5) containing protease inhibitors. The lysates were clarified by centrifugation at 14,000 ϫ g for 10 min at 4ЊC, and supernatants were incubated overnight with packed streptavidin-agarose beads to recover biotinylated proteins. The beads were then pelleted by centrifugation and aliquots of supernatants were taken to represent the unbound, intracellular pool of proteins. Biotinylated proteins were eluted from the beads by heating to 100ЊC for 5 min in SDS-PAGE sample buffer before loading onto a 10% SDS-PAGE and subsequently probed for the ␣-ENaC subunits. Rabbit polyclonal anti-␣-ENaC antibodies were used at the dilution 1:2,000, and mouse monoclonal anti-actin at the dilution 1:6,000. The anti-rabbit IgG secondary antibody (Amersham Biosciences) was used at dilution 1:5,000, and the signal was developed with the ECL ϩ system (Amersham Biosciences). Quantification of ENaC and actin levels was obtained using NIH image software. Actin was used as a control for the specificity of surface biotinylation. This protein was detected in the intracellular pool of proteins, but not in the pool of protein recovered after cell surface biotinylation.
Immunofluorescence Labeling and Confocal Microscopy
Cells were twice washed with PBS and fixed for 20 min in 4% paraformaldehyde. Cells were then washed again in PBS and treated for 5 min with 0.1% Triton X-100 in PBS to permeabilize the cells. After washing the cells three times in PBS, the cells were incubated 30 min in 0.1% bovine serum albumin (BSA) in PBS to block nonspecific binding sites. The cells were then incubated for 1 h with either polyclonal rabbit anti-spectrin (1:1,000), or monoclonal mouse anti-occludin (1:100), or polyclonal rabbit anti-ZO-1 (1:250; Zymed Laboratories), in 0.1% BSA in PBS added at the apical surface. After extensive washing in PBS, filters were labeled with fluorescein isothiocyanate (FITC)-goat antimouse diluted in 1:5,000, rhodamine red X-goat antirabbit, and Texas red-phalloidin (Molecular Probes, Eugene, OR). Then, RNase was added in PBS-BSA 0.1% for 40 min and nuclei were labeled with 20 l To-pro1 (Molecular Probes) for 20 min. After five or six washes in PBS, filters were mounted in mounting medium (glycerol/PBS, 9:1 vol/ vol) containing 0.1% phenylenediamine. Images were captured with a Zeiss LSM 510 laser-scanning confocal microscope (Carl Zeiss, Jena, Germany).
Electrophysiologic Studies
Measurements of short-circuit current (I sc ) and transepithelial potential difference (PD) were performed using a voltage-clamp system (Costar Corp.) with the apical and basolateral surfaces bathed in DMEM thermostated at 37ЊC as previously described (2) . I sc was measured every 5 min by clamping PD to 0 mV for 1 s, and resistance of the monolayer (R te ) was calculated from I sc and PD using Ohm's law. Snapwell filters with unstable I sc or with R te Ͻ 600 ⍀ · cm 2 were discarded. Amiloridesensitive I sc was determined as the difference in current with and without amiloride (AML, 10 M).
Transepithelial Cell Permeability
TER of AEC monolayers were measured before and after 18 h exposure to hypoxia (3% and 0.5% O 2 ) by an ohmmeter (EVOM; World Precision Instruments).
Alternatively, permeability of AEC monolayers by measuring the diffusion of fluorescent dyes, dextran (4,000 Da), across the cells was assessed as previously described (20) . Briefly, cells were exposed to hypoxia for 18 h and a nonabsorbable FITC-conjugated dextran probe (4,000 Da) was given to the apical reservoir at a final concentration of 100 M. Cells were replaced in hypoxic chamber (3% O 2 , 5% CO 2 , 92% N 2 or 0.5% O 2 , 5% CO 2 , 94.5% N 2 ) and care was taken to ensure that fluid levels in the apical and basolateral chambers were equal. After a 3-h incubation, samples were taken from the apical and basolateral compartment and relative fluorescent units of apical and basolateral samples were measured in a fluorescence spectrophotometer at 475-and 520-nm excitation and emission wavelengths, respectively. Values were expressed as % apical FITC-dextran ϫ 10 Ϫ3 per cm 2 per h that crossed the Transwell membrane.
Detection of Apoptosis
Apoptosis was quantified by flow cytometry analysis of subdiploid DNA content as described previously (24) . AEC were exposed to either normoxia or hypoxia (3% or 0.5% O 2 ) for 18 h and then detached using trypsin (0.25%) and EDTA (0.5 mM). The detached cells were combined with the floating cells of each well and resuspended in HEPES buffer containing 2 mM CaCl 2 , then fixed in ice-cold 70% ethanol. Each pellet was resuspended in 500 l of propidium iodide (50 g/ml) and incubated for 30 min at room temperature. Analysis was performed on an ALTRA cell sorter (Beckman Coulter, Fullerton, CA) equipped with an ultraviolet/argon laser and Expo32 software. Cell doublets and clumps were analyzed for each sample. After incubation with propidium iodide (final concentration 75 g/ml; Sigma Aldrich, Lyon, France), the cells were analyzed by flow cytometry.
Statistics
Data are presented as means Ϯ SE with n ϭ 3-6. Statistical analysis was done by unpaired Student's t test or ANOVA when appropriate. The results were considered significant if P Ͻ 0.05.
RESULTS

Hypoxia Induced Disorganization of Actin Cytoskeleton
In normoxic cells, actin staining showed a dense network of actin at the cell boundaries, at the apical and midpoint of the cell, and a dense network of stress fibers at the basal end. Exposure of the cells to hypoxia (3% and 0.5% O 2 for 18 h) produced a disruption of actin stress fibers with formation of actin aggregates at the basal end (Figure 1 ). In contrast, cortical and apical actin was not affected by hypoxia (data not shown). These effects were reversed when the cells were allowed to recover in 21% O 2 for 24 h. These architectural modifications of actin were not due to a decrease in actin protein levels in hypoxia-exposed cells, since immunoblotting with anti-actin antibodies showed comparable levels of actin in normoxic and hypoxic cells (Figure 2 ).
Hypoxia Induced Spectrin Protein Cleavage without Change in Spectrin Localization
In AEC, spectrin cytoskeleton was analyzed by confocal microscopy using a double staining of ␣II-spectrin and ZO-1, a TJ protein. Figure 2A showed that, in normoxic cells, spectrin was predominantly localized to the apical domain. Exposure of AEC to hypoxia (3% O 2 or 0.5% O 2 , 18 h) did not disrupt spectrin distribution as compared with normoxic control ( Figure 2B ).
The amount of spectrin protein was assessed by Western blot. In normoxic cells, immunoblot against ␣-spectrin revealed a large band of 220 kD and a narrow band of 150 kD. This latter band, which has been previously identified as a result of spectrin cleavage (16, 25) , represented 5% of the total spectrin content (spectrin cleaved, 150 kD fragment; plus spectrin noncleaved, 220 kD fragment) ( Figure 2C ). Exposure of AEC to 3% and 0.5% O 2 for 18 h induced (1 ) a decrease of the 220-kD band; (2 ) an increase in the 150-kD band; (3 ) no change in total spectrin content. Strikingly, scanning quantification of blots indicated that the ratio of ␣II-spectrin 150-kD fragments to total spectrin increased by 3-fold and 5-fold in cells exposed to 3% and 0.5% O 2 , respectively, as compared with normoxia ( Figure  2C ). Hypoxia-induced spectrin cleavage was reversed when the hypoxic cells (0.5% O 2 , 18 h) were allowed to reoxygenate 24 h in normoxic atmosphere ( Figure 2C ).
Hypoxia-Induced Spectrin Fragmentation Was Reduced by Caspase Inhibitor, but Not Calpain Inhibitor
The spectrin cleavage has been previously described during hypoxic or ischemic insults in various tissues (19, 26) . Cleavage of ␣II-spectrin to an ‫ف‬ 150-kD fragment may result from the activation of the calcium-dependent protease calpain or from an increase of caspase activity as encountered during apoptotic process (16, 27) . To investigate whether, in AEC, hypoxiainduced ␣II-spectrin cleavage was related to either caspase or calpain activation, cells were exposed to hypoxia for 18 h in the absence or presence of 200 M N-acetyl-Leu-Leu-norleucinal, a calpain inhibitor I, or in the absence or presence of 90 M of the tripeptide N-benzoloxycarbonyl-Val-Ala-Asp-fluoromethylketone (z-VAD-fmk), a broad-spectrum caspase inhibitor. Incubation of hypoxic cells with z-VAD-fmk prevented hypoxiainduced increase in spectrin cleavage in cells exposed to 3%O 2 and significantly reduced the ‫ف‬ 150-kD fragment in cells exposed to 0.5% O 2 ( Figure 3) . In contrast, the calpain inhibitor had no significant effect on hypoxia-induced spectrin cleavage (data not shown).
Because the caspase inhibitor prevented the hypoxia-induced spectrin cleavage, we wondered whether hypoxia also increased apoptosis in AEC. Apoptosis was assessed by flow cytometry in normoxic and hypoxic cells. Hypoxia increased the basal apoptotic rate of AEC from 1.25 Ϯ 0.01% in normoxic cells to 2.69 Ϯ 0.45% and 3.77 Ϯ 0.45% (P Ͻ 0.01) in cells exposed to 3%O 2 and 0.5%O 2 , respectively. Effect of hypoxia on actin distribution in AEC in culture. Filter-grown AEC cultured for 4 d were exposed to normoxia (21% O 2 ) or hypoxia (3% and 0.5% O 2 ) for 18 h, and to hypoxia followed by recovery (21%O 2 for 24 h) from hypoxia (0.5% O 2 ). AEC were fixed, stained with rhodamin-phalloidin for actin, and then analyzed by confocal microscopy. En face sections (x-y) were then generated from selected planes in the vertical (x-z) sections.
Coimmunoprecipitation of ␣II-Spectrin and ␣-ENaC in Alveolar Epithelial Cells
A direct association between the SH3 domain of ␣-spectrin and the C-terminal region of ␣-ENaC subunit has been reported in Xenopus laevis kidney-derived cell lines (22) . To investigate whether endogenous ␣-ENaC binds to ␣-spectrin in native AEC, coimmunoprecipitation was performed in normoxic conditions. Lysates from AEC were immunoprecipitated with antibody directed against either ␣-ENaC or against ␣II-spectrin. Immunoprecipitation of ␣-ENaC by anti-␣-ENaC antibody resulted in the coprecipitation of a 220-kD (and a proteolytic ‫ف‬ 150-kD) protein recognized by the anti-␣-spectrin antibodies. Similarly, immunoprecipitation of ␣-spectrin by anti-␣-spectrin antibody resulted in the coprecipitation of an 85-kD protein recognized by anti-␣-ENaC antibody (Figure 4) . These results suggest that ␣II-spectrin was associated with ␣-ENaC in native AEC. Effect of hypoxia on spectrin distribution and protein levels in AEC. (A ) Filter-grown AEC cultured for 5 d in normoxia were double labeled with anti-␣II-spectrin and anti-ZO-1 antibodies and analyzed by confocal microscopy. Vertical section (x-z) shows that AEC were polarized with ZO-1 (red staining) present at the TJ level. ␣II-spectrin was polarized with a preferential distribution on the apical side of AEC. (B ) AEC were exposed to normoxia (21% O 2 ) or hypoxia (0.5% O 2 ) for 18 h, fixed, stained with anti-spectrin antibody, and analyzed by confocal microscopy. En face sections (x-y) were generated from selected planes in the vertical (x-z) sections. (C ) Immunoblot analysis and quantification of ␣II-spectrin levels in AEC. Cells were exposed to normoxia (21% O 2 ) or hypoxia (3% and 0.5% O 2 ) for 18 h, and hypoxia 0.5% O 2 followed by 21% O 2 for 24 h (recovery). ␣II-spectrin protein expression was then analyzed by Western blotting. A representative immunoblot shows a band of 220 kD corresponding to intact ␣II-spectrin and band of 150 kD corresponding to cleaved ␣II-spectrin band. Bar graphs below the immunoblot are densitometric analysis of the ratio of the 150-kD band over the total spectrin content (220-kD band plus 150-kD band). Densitometry analysis results are mean Ϯ SE of five distinct experiments (*P Ͻ 0.01, **P Ͻ 0.001).
Hypoxia-Induced Decrease in Apical Membrane ␣-ENaC and in Amiloride-Sensitive Na Transport Were Reduced by Caspase Inhibitor
We have previously reported that hypoxia induced a decrease of the number of Na channels into the apical membrane of AEC with a parallel decrease in amiloride-sensitive Na transport (2) . To determine whether a pan-caspase inhibitor could prevent hypoxia-induced decrease in the number of apical ␣-ENaC subunits and in amiloride-sensitive Na transport, hypoxic cells were pretreated by the pan-caspase inhibitor (90 M z-VAD-fmk). Figure 5A shows that (1 ) hypoxia, 3% and 0.5% O 2 , decreased ␣-ENaC protein levels into the apical membrane compared with normoxia as previously described (2); and (2 ) this effect was blunted in the presence of the pan-caspase inhibitor, z-VADfmk. Also, hypoxia-induced decrease in amiloride-sensitive Na transport was significantly reduced by the pan-caspase inhibitor at 3% O 2 , but was not modified at 0.5% O 2 ( Figure 5B ). These results suggest that the decrease of ␣-ENaC subunit in the apical membrane and the decrease of amiloride-sensitive Na transport induced by moderate hypoxia could be related, at least in part, to hypoxia-induced caspase activation.
Hypoxia-Induced Alteration of TJ Proteins
TJ proteins may play a role in transepithelial and paracellular Na transport. To investigate whether hypoxia modifies TJ, ZO-1 and occludin were localized by confocal microscopy. In normoxic cells, these proteins were localized to the cell boundaries in a discrete subapical region of the lateral membranes (vertical x,z sections) corresponding to the lateral TJ. In hypoxic cells, occludin was no longer exclusively localized to the TJs but also was diffusely scattered in the cell interior in the face sections. The changes in occludin distribution were reversed when the cells were allowed to recover in normoxia for 24 h (Figure 6 ). In contrast, ZO-1 distribution was unaffected by hypoxia ( Figure 6 ).
The protein levels of ZO-1, occludin, and claudin 3 and 5 were then evaluated by Western blot. Hypoxia (3% and 0.5% O 2 ) decreased ZO-1 protein levels, whereas levels of occludin, claudin 3, and claudin 5 were unchanged (Figures 7 and 8) . The change in ZO-1 protein amount was fully reversed when the hypoxic cells were allowed to recover in normoxia for 24 h (data not shown). 4 ) with Sepharose A beads. After several washes, proteins were separated by 7.5% SDS-PAGE and transferred to nitrocellulose membranes, then blotted with either anti-␣-ENaC antibody (lanes 1 and 2 ) or anti-␣II-spectrin antibody (lanes 3 and 4 ) .
Hypoxia Decreased Alveolar Epithelial Barrier Function in Alveolar Epithelial Cells
TJ proteins are a major determinant of paracellular permeability. To investigate whether hypoxia-induced change in TJ proteins can affect paracellular permeability of AEC, TER and the flux of a small noncharged molecule, dextran (4,000 Da), across AEC monolayers were measured in normoxic and hypoxic cells. As shown in Figure 9 , AEC monolayers exposed to 0.5% O 2 showed significant decrease in TER, while no change was observed for mild hypoxia (3% O 2 ). The paracellular permeability was also measured by the diffusion of dextran 4 kD from the apical to basolateral sides. Consistent with the decrease in TER, 0.5% O 2 caused significant increase in paracellular permeability of dextran across cell monolayer. In contrast, 3% O 2 was without effect (Figure 9 ).
DISCUSSION
Cytoskeleton organization is essential to the maintenance of cell polarity and to the distribution and stability of integral membrane proteins. Previous studies have shown that cytoskeletonassociated proteins may be damaged by chemical hypoxia, i.e., ATP-depleted cells, or O 2 deprivation in various tissues (17, 28) . Here, we report for the first time that hypoxia causes cytoskeletal alterations in AEC. In these cells, prolonged hypoxia induced (1 ) a disorganization of actin fibers, (2 ) a proteolysis of spectrin along with a decrease in ␣-ENaC membrane expression and Na transport, and (3 ) a disruption of TJ proteins with a partial redistribution of occludin from TJs to intracytoplasmic domain with significant change of paracellular permeability to small molecules.
Actin cytoskeleton establishes functional interactions with specific membrane transport proteins as well as TJ proteins. Actin is critical in maintaining cell polarity, which is essential Figure 5. (A ) Effect of hypoxia on the abundance of apical membrane ␣-ENaC subunits expression in alveolar epithelial cells. AEC grown on filters were exposed either to normoxia (21% O 2 ) or hypoxia (3% and 0.5% O 2 ) for 18 h in the absence or presence of the pan-caspase inhibitor z-VAD-fmk (90 M) and then immediately processed for apical biotinylation experiments as described in MATERIALS AND METHODS. Experiments were repeated twice with similar results. (B ) Effect of hypoxia on amiloride-sensitive Na transport in AEC. Confluent rat AEC grown for 4-5 d on snapwell filters were exposed to either 21%, 3%, or 0.5% O 2 for 18 h before bioelectric measurements were performed using a voltage clamp system. Data are means Ϯ SE from four to five filters for each condition, obtained from at least three separate primary cultures. Amiloride-sensitive I sc was the difference between I sc value in the absence of amiloride (baseline I sc ) and I sc value measured after addition of 10 M amiloride into the apical bath. ***Significantly different from normoxic control without z-VAD-fmk (P Ͻ 0.01); # # significantly different from normoxic control with z-VAD-fmk (P Ͻ 0.01); # # # significantly different from normoxic control with z-VAD-fmk (P Ͻ 0.001);
§ different from AML-sensitive I sc without z-VAD-fmk (P Ͻ 0.01).
for proper localization and function of membrane proteins such as Na,K-ATPase and Na channels, TJ, and cell-cell adhesion molecules (29, 30) . In the present study, prolonged mild and severe hypoxia induced disorganization of basal actin, reflected by disruption and clumping of F-actin filaments, which were reversed when hypoxic cells were allowed to recover in normoxia. These findings agree with the work of other investigators, who have found an actin disorganization during O 2 deprivation in cultured endothelial cells and vascular smooth muscle (28, 31) . In renal epithelial cells, ischemia or ATP depletion also induced similar changes of actin (32) . However, in AEC, disorganization of actin fibers could not be ascribed to ATP depletion, since we and others have previously reported that AEC maintain cellular ATP content even during severe and prolonged hypoxia (33) . Figure 6 . Effect of hypoxia on ZO-1 and occludin distribution in AEC in culture. Filtergrown AEC cultured for 4 d were exposed to normoxia (21% O 2 ) or hypoxia (3% and 0.5% O 2 ) for 18 h and to hypoxia (0.5% O 2 ) followed by recovery (21%O 2 for 24 h). AEC were fixed, stained with anti-ZO-1 or antioccludin antibodies, then analyzed by confocal microscopy. En face sections (x-y) were then generated from selected planes in the vertical (x-z) sections. ZO-1 distribution in normoxia and in hypoxia and after recovery from hypoxia (upper panels); occludin distribution in normoxia, in hypoxia, and after recovery from hypoxia (lower panels).
In polarized cells, the actin cytoskeleton stabilizes the membrane through spectrin-protein interactions. Spectrin, which lies beneath apical and/or basolateral plasma membrane and is linked to actin filaments, represents a major component of the membrane (8, 34) . Spectrin binds directly or indirectly to a variety of cell surface proteins including Na ion channels and Na pumps (18, 19) . In the present study, ␣-spectrin was mainly localized in the apical membrane of AEC, as previously reported in human alveolar type I and type II cells by in situ immunogold labeling (10) . We also found that ␣-spectrin coimmunoprecipitated with endogenous ␣-ENaC subunit, suggesting a direct or indirect interaction between the two proteins. Rotin and colleagues (9), using a transfected kidney cell line overexpressing ␣-ENaC subunit, have previously reported a direct interaction between the proline-rich sequence within the C-terminal region of ␣-ENaC Figure 7 . Effect of hypoxia on ZO-1 and occludin protein expression in alveolar epithelial cells. AEC were exposed to either normoxia (21% O 2 ) or hypoxia (3% and 0.5% O 2 for 18 h) and Western blot was performed on whole cell extracts using anti-ZO-1 rabbit polyclonal antibodies (A ) or anti-occludin polyclonal antibodies (B ). Quantification of ZO-1 and occludin levels were analyzed by NIH software, and the data were normalized to the corresponding actin signal in each lane. The results are expressed as the ratio of ZO-1 and occludin signals/actin, and represent means Ϯ SE of four and five separate experiments, respectively. *Significantly different from the normoxic values (P Ͻ 0.01).
and the SH 3 domain of ␣-spectrin. Taken together, these findings support the possibility that in native AEC endogenous ␣-ENaC interacts with ␣-spectrin in the apical membrane.
In the present study, mild and severe hypoxia induced O 2 -dependent ␣II-spectrin cleavage, as shown by the increase in the 150-kD band, but did not change either total spectrin content or spectrin distribution. Proteolysis of ␣-spectrin to 150-kD fragments has been reported in kidney, brain, and optic nerves under diverse situations such as cellular hypoxia, ischemic insult, or apoptotic process (14, 17, 35) . Indeed, ␣-spectrin is the target of two major protease systems: (1 ) m-and -calpains, which are calcium-dependent proteases; and (2 ) caspases, which are activated during apoptosis (25, 36, 37) . In the present study, hypoxia-induced ␣II-spectrin cleavage was blunted by the pancaspase inhibitor, z-VAD-fmk, whereas a calpain inhibitor had no effect, suggesting that spectrin proteolysis was, at least in part, dependent on caspase activation. Although we did not evaluate which types of caspases were activated during hypoxia, we found that hypoxia-induced apoptosis in an O 2 -dependent concentration manner with a 3-and 5-fold increase in basal apoptotic rate in AEC exposed to 3% and 0.5% O 2 , respectively. These results are in line with those reported by Krick and co- Figure 8 . Effect of hypoxia on claudin 3 and claudin 5 protein expression in AEC. AEC were exposed to either normoxia (21% O 2 ) or hypoxia (3% and 0.5% O 2 for 18 h) and Western blot was performed on whole cell extracts using anticlaudin 3 rabbit polyclonal antibodies (A ) or anti-claudin 5 rabbit polyclonal antibodies (B). Quantification of claudin 3 and claudin 5 levels were analyzed by NIH software, and the data were normalized to the corresponding actin signal in each lane. The results are expressed as the ratio of claudin signals/actin, and represent means Ϯ SE of four separate experiments.
workers (38) , who showed that the hypoxia-induced increase in apoptosis was reversed by the pan-caspase inhibitor BOC-fmk in AEC. Spectrin cleavage is known to affect in vitro its ability to bind membranes or actin filaments (39) , but the effect of spectrin proteolysis on membrane Na channel expression is unknown. We and others (2, 3) have previously reported that hypoxia downregulated Na protein expression into the membrane of AEC. In the present study, the pan-caspase inhibitor z-VADfmk blunted hypoxia-induced decrease in membrane ␣-ENaC expression, suggesting that caspase-dependent spectrin cleavage may participate in alteration of ENaC trafficking. Concomitantly, the pan-caspase inhibitor partially prevented hypoxiainduced decrease in amiloride-sensitive Na transport at 3% O 2 , but did not affect hypoxia-induced decrease in amiloride-sensitive Na transport at 0.5% O 2 . With regard to the mechanisms of hypoxia-induced decrease of Na transport in cells exposed to severe or mild hypoxia, these results are not surprising. First, hypoxia has been reported to affect both the apical Na entry through ENaC but also its basolateral extrusion though the Na,K-ATPase. We did not evaluate the effect of caspase inhibitor on Na,K-ATPase, and a sustained decrease in the enzyme activity may explain that amiloride-sensitive Na transport did not Figure 9 . Effect of hypoxia on TER and dextran (4,000 Da) permeability in alveolar epithelial cells. Filtergrown AEC were cultured for 4 d and exposed to normoxia (21% O 2 ) or hypoxia (3% and 0.5% O 2 ) for 18 h or to hypoxia (0.5% O 2 ) for 18 h followed by recovery (21%O 2 for 24 h). Data represent means Ϯ SE of four different experiments. *P Ͻ 0.01 compared with normoxic controls.
recover completely after pan-caspase inhibitor. Second, previous studies indicated that mild hypoxia reduced cell surface expression of ␣-ENaC without changing the total amount of ␣ENaC protein (2), while severe hypoxia acted upstream and altered ␣ENaC expression at the mRNA level (40) . Thus, in severe hypoxia, the prevention by anticaspase of Na channel trafficking alterations may be of relatively low importance compared with the major changes in ␣ENaC expression. However, this study did not rule out the possibility that pan-caspase inhibitor acts independently on hypoxia-induced ␣-II spectrin cleavage and hypoxia-induced decrease in ␣-ENaC membrane expression. Further studies are required to evidence a direct role of spectrin cleavage in hypoxia-induced decrease in the expression and activity of ENaC subunits.
TJ proteins are essential to maintain epithelial polarity and are critical for restricting paracellular diffusion of ions and fluid between the extracellular apical and the basolateral compartments. ZO-1 plays a pivotal role in TJ complex because of its ability to bind to numerous other cytoskeletal proteins such as occludin (via its NH2-terminal domain) and actin (via its COOHterminal domain). Occludin is a transmembrane protein that, together with other junctional proteins such as claudins and junction adhesion molecules, creates the paracellular barrier. In AEC, previous studies showed expression of ZO-1, occludin, and several types of claudins as part of the TJ complex (12, 13) . Modifications of the expression and/or localization of these proteins, in particular claudin 3 and claudin 5, have also be reported to increase paracellular permeability (13) . In the present work, mild and severe hypoxia induced a decrease of ZO-1 protein expression with a mislocalization of occludin without change in claudin 3 and claudin 5 expressions. The mechanisms involved in this hypoxia-induced ZO-1 decrease and occludin mislocalization are currently unknown. However, Furuse and colleagues (41) showed that interaction of occludin with ZO-1 was required for proper localization of occludin to TJs, suggesting that in the present work the loss of ZO-1 protein would result in a disorganization of the tight junction with an aberrant localization of occludin. Although the changes in TJ proteins were observed at 3% and 0.5% O 2 , the increase in paracellular permeability was only detected for severe hypoxia as previously reported by Mairbaurl and coworkers (42) . These results suggest that hypoxia-induced change in paracellular permeability involved other junctional or cytoskeletal proteins. In the present study, hypoxia affected the permeability to small molecules, which is consistent with the fact that previous in vivo and in vitro experiments have failed to discern measurable effects of hypoxia on alveolar barrier permeability using high molecular weight markers (1, 20) .
In summary, our results show that prolonged in vitro hypoxia induced cortical spectrin disruption that may participate, at least in part, in hypoxia-induced decrease in Na and fluid transport across alveolar capillary. In addition, hypoxia adversely affected barrier cytoskeleton organization with TJ disassembly and increased permeability. However, studies are needed to determine whether other cytoskeletal and/or junctional proteins participate in these functional changes.
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